The ubiquity of parasites
Most of all living organisms are parasites ( Windsor 1988 ) . This sounds like an exaggeration; however, any single host species is infected by numerous parasite species, some of which are very specifi c and will hardly infect any other host, while other parasites can be found on many diff erent host species in the same habitat. Common to these patterns is that many parasite species infect any given individual host at any one time. For example, in a study in several lakes in Finland, researchers studied typical freshwater fi sh, perch ( Perca fl uviatilis ) and roach ( Rutilus rutilus ), and identifi ed the parasites that were present on these host species. They found that at least 42 parasite species used the perch ( Figure 3 .1 ) as their host, and at least 38 species using the roach ( Valtonen et al. 1997 ) . Similar numbers were found in a study in Poland, where the researchers found a total of 51 parasite species using the three-spined stickleback ( Gasterosteus aculeatus L.), and 16 species using the nine-spined stickleback ( Pungitius pungitius ) ( Morozinska-Gogol 2006 ) . All of these studies concentrated on macroparasites ( Box 3.1 ) and did not even consider the wealth of microparasites, such as bacteria, viruses, or fungi, which are also numerous and known to parasitize fi sh as well.
Fish are typically large individuals and so it may be argued that they harbour a large number of parasites simply due to their large body size. Even though this eff ect is an issue, as we will see later, small hosts rival their larger counterparts in the number of parasite species. For example, the European honeybee ( Apis mellifera ) is one of the best-investigated insects. Individual honeybees are smaller in size than perch or roach. However, honeybees are also social animals and thus off er additional opportunities for parasites to exploit the bee colony, which might contain several tens of thousands of potential host individuals. In fact, more than 70 parasite species have been described for this host. In this case, the list also includes the microparasites, such as viruses, bacteria, and fungi ( SchmidHempel 1998 ) . Studies of this kind are often done for hosts that have a commercial value for humans, such as the freshwater fi sh or the honeybee. Vice versa, researchers are also interested to fi nd natural enemies of species that cause a lot of damage to human cultures or installations, such as the fall armyworm ( Spodoptera frugiperda ). The voracious larvae of this moth are major pests for many agricultural crops. In a study in the Americas and the Caribbean area, it turned out that this moth has numerous natural parasites. Among them were 148 other insect species (parasitoids) that parasitize the larva of Spodoptera , 20 species attacking the pupa, and a further eight species parasitizing its eggs ( Molina-Ochoa et al. 2003 ) . As before, these lists are almost certainly an underestimate and more parasite species will undoubtedly be found in future studies. Some of these natural enemies might become useful adversaries to protect cultures from being damaged by S. frugiperda . Hence, the situation illustrated in Figure 3 .1 is probably rather conservative. It is obvious that almost all parts of the host body are exploited and few are spared; also, the parasites of the honeybee are found in all tissues and organs. Taken together, for every host species there are dozens or even hundreds of parasite species. Unless CHAPTER 3
The diversity and natural history of parasites Parasites are typically separated into diff erent functional categories. Th is should not be confounded with the taxonomic status of the respective organisms. Any functional group contains representatives of several taxonomic groups.
Microparasites : usually small parasites (up to a few hundreds of μm in size), typically referring to the viruses, bacteria, fungi, and protozoa. Microparasites have short generation times and can multiply to large numbers within their host. Th e major feature, however, is that in the typical epidemiological analyses, hosts can be considered infected or not infected (SIR-model) . Th e parasites are not taken into account individually; growth of each individual parasite is typically neglected and only replication is considered.
Macroparasites : usually large parasites, typically referring to helminths (the worm-like parasites: nematodes, cestodes, trematodes), parasitic insects, and some other groups (Acanthocephala, Hirudinea, etc.) . Macroparasites often have generation times comparable to their hosts and are found in low numbers in their hosts, sometimes just a single individual. In epidemiological analyses, each parasite is considered individually; the analysis of growth is as important as reproduction.
Parasitoids: parasites that have a free-living stage, while the juvenile lives in or on the host animal. Th is category typically consists of parasitic insects (such as ichneumonid wasps), but one might also include species such as the mussel Glochidium , whose larva lives on the gills of fi sh, whereas the Box 3.1 Types of parasites (Continued) each parasite in turn used a similar number of host species, it must be concluded that there are more parasitic species than there are host species living on our planet.
A systematic overview of parasites
The diversity of parasites is truly enormous, with parasites varying across a wide range of body sizes ( Figure 3.2 ) . A short overview of the most important or biologically most interesting groups, together with their systematic position in the tree of life, is given in the following sections. Note that there are also fully parasitic plants, for example, vines and root parasites; this group is not specifi cally mentioned here. Elements of general biology and natural history of each group are added to illustrate the diversity of parasitism.
Viruses
Viruses are extremely reduced life forms that have no metabolism of their own and therefore must exploit the host cells to carry out crucial tasks for their survival and replication (some scientists maintain that viruses are not a life form at all). Not surprisingly, therefore, all viruses are either parasites or live as symbionts within their hosts. If we look at the diff erent steps of the viral life-cycle, this includes the attachment to a host cell, the gaining of entrance into the cell, un-coating of the virus, followed by the insertion of its genetic information into the host's genetic programme, which is then expressed and leads to the subsequent production and assembly of new viruses that eventually leave the host cell to infect a next one. A complete virus particle outside the host cell is called a virion, and consists of a nucleic acid molecule that carries the genetic information (DNA or RNA) in its protein shell (the capsid). The capsid allows for the morphological distinction of viruses. In addition, some viruses (e.g. HIV) sequester some of their host's cell membrane as an additional outer lipid hull (the viral envelope), which presumably serves as an additional protection against the host's defence responses. Finally, some viruses possess rather adult is free-living. Often, but not always, parasitoids kill their hosts before progressing to their next stage in the life-cycle.
Endoparasites: parasites that live inside the host. Most microparasites fall into this category, but also most parasitoid larvae are found inside a host. Vice versa, some microparasites live on the surface of the host, e.g. fungi that infect the skin.
Ectoparasites: parasites that live on the host or are attached to it. Typical examples are the mites, ticks, lice, or parasitic groups, such as suckerfi sh.
Social parasites : parasites that exploit the social structure of a host group. Th ese are typically macroparasites, such as insects, or other higher eukaryotes. Sometimes it is diffi cult to distinguish their true functional status. Th is includes commensalisms (species that mostly live on debris or food remains without any noticeable harm; e.g. some beetles that live in the nest of ants), cleptoparasitism (species that rob food from their hosts, e.g. some spiders that live in the web of their host spider), or brood parasites (e.g. cuckoo species that seduce the host to raise the parasite's eggs). Especially brood parasites are often species related to their hosts; for example, closely related bumblebees lay their eggs into the nests of other bumblebees (all within the genus Bombus ), and some geese dump their eggs into the nest of con-specifi cs, which gives raise to intra-specifi c parasitism.
Several other terms exist but many of these defi nitions are not always helpful. As with any categorization of living systems, a specifi c organism may sometimes fall in between the defi nitions. Th erefore, the above categories are a good guideline but cannot replace the careful consideration in any given case.
Box 3.1 Continued
sophisticated morphologies, such as a tail or a complex outer wall. A good example are the bacteriophagesviruses that parasitize bacteria-which possess complex tail-like structures, which act like 'legs' that land on and attach to the surface of the host cell.
The genetic material of viruses is either DNA or RNA. Sometimes both types are present, such as in cytomegalovirus, where there is a core of DNA and several fragments of RNA. Furthermore, the nucleic acid molecules can be either single-or double-stranded (labelled ss and ds , respectively), and are organized either linearly or in loops. In RNA-viruses, the genetic information is coded either in positive-sense (identical to the sequence of the corresponding mRNA, which can thus be immediately translated) or in negative-sense (i.e. complementary to mRNA; this, therefore, needs to be translated into a positive-sense sequence fi rst). In the so-called ambisense RNA viruses, positive-and negative-sense ssRNA or ssDNA are located on the same strand. These stretches are then transcribed each on their own. As the few examples in the list of Table 3 .1 impressively demonstrate, the diversity of viruses is bewildering and each single parasite has its own specifi cities and a life-style that varies according to group.
Prokaryotes
Prokaryotes are the most basic living organisms that have their own metabolism. Yet, they lack a cell nucleus and are typically uni-cellular. Prokaryotes are grouped into two major systematic domains-the archaea and the (eu-) bacteria. The latter domain contains some of the most important and abundant pathogens of animals, plants and fungi.
Archaea
The Archaea (earlier somewhat misleadingly called the Archaebacteria) are among the oldest extant and most spectacular organisms on our planet. Their special place in the tree of life was only recognized in the late 1970s ( Woese and Fox 1977 ) . Archaea superfi cially resemble the bacteria, but biochemically and genetically they are very diff erent. Most interestingly, the Archaea are probably more closely related to the higher organisms (the Eukaryotes) than are the bacteria. A particularly fascinating aspect is that Archaea typically live in extreme habitats where no other organisms can survive, such as in highly saline waters (e.g. Halobacterium dwells in salt lakes), in hot springs ( Thermoproteus is found in the acidic hot water around Icelandic geysers), or in the deep sea with chemically extreme conditions ( Methanocaldococcus is associated with deep-sea vents in the Pacifi c). New research shows, furthermore, that Archaea are also abundant in the plankton of the open seas. It is remarkable, however, that parasites have so far hardly been identifi ed (perhaps Nanoarchaeum equitans ; Waters et al. 2003 ) .
Bacteria
Bacteria are one of the most important parasitic groups. However, the number of described bacteria (and Archaea) is quite small, with a count of around 5000 species ( Staley 2006 ). One reason for this surprisingly small number is the general diffi culty of identifying a bacterial species in the fi rst place (a problem that also exists with viruses and other essentially non-sexual prokaryotes). Species' limits often are established by DNA-DNA hybridization and phenotypic characterizations (metabolic functions). More recently, phylogenies based on 16S rRNA-gene sequences have become widely used and can provide suffi cient resolution down to the level of a genus ( Staley 2006 ) . Further progress is to be expected from the comparison of entire genomes, which are currently sequenced in large numbers. In fact, a recurrent problem is that, even though only some 5000 species are described, the molecular diversity that can be picked up by genomic tools in a given habitat is vastly greater than this number. This suggests that there is a staggering, and as yet unclassifi ed, prokaryotic diversity. For most purposes, however, it is important to distinguish and characterize diff erent bacterial lines, regardless of whether they can be considered diff erent species or not, especially if these lines correspond to diff erent functional types ( Cohan 2006 ) . In the context of parasitism, it is furthermore important to be able to distinguish lines with diff erent host specifi cities or degrees of pathogenicity. A useful simple diagnostic tool that works for most bacterial species is the Gram-staining process (named after the Danish bacteriologists, Hans-Christian Gram, 1853 -1938 . 'Gram-positive' bacteria retain the violet dye of the stain and appear blue or violet under the microscope, while 'Gram-negative' bacteria do not retain the dye and appear pink or red. This diff erence is based on the structure of the cell wall. Gram-positive bacteria have only one (inner) cell membrane that is covered with a thick layer of peptidoglycans. Peptidoglycans are important molecular signatures that are used by host immune systems to recognize a potential infection. Gram-negative bacteria have an additional outer membrane, which overlays the peptidoglycan layer and contain lipopolysaccharides (LPS). LPS is also a recognition signal for host immune systems. A periplasmic space is thereby formed between the inner membrane and the peptidoglycan layer. Because of this double wall, Gram-negative bacteria have evolved a number of sophisticated secretion systems (e.g. the type III system) that allow transporting molecules from the inside of the bacterium to the external environment across this space. These secretion systems are also important in host-parasite interactions. Bacteria are generally small, typically around 1 μm in size ( Figure 3 .2 ) and have no nucleus, which defi nes them as prokaryotes. They come in diff erent shapes-spherical (the Cocci), spiral (Spirochaetes), or rod-shaped (Bacilli). Bacteria have cell walls (except the Mollicutes) whose compositions are important as recognition signals for the host' s immune system. Not surprisingly, bacteria have very diff erent life-styles and might dwell as individual cells or in dense aggregates, such as in biofi lms (an example of which is dental plaque). Some bacteria are also able to form spores that can survive in the environment for a very long time. A drastic example is the spores of Bacillus anthracis (the cause of human anthrax). During the Second World War, British military scientists in 1942 conducted a test of biological warfare with sheep and a highly virulent strain of B. anthracis on Gruinard Island, off the Western coast of Scotland. The sheep died within days but the infective spores had entered the soil and the subsequent decontamination work was unsuccessful. As a result, Gruinard Island was put under quarantine and remained a forbidden island for many decades. Only in 1990, after an intensive decontamination programme, and 48 years after the trial, was Gruinard Island re-opened again. No further cases of anthrax associated with the Gruinard experiment have been reported since then.
Bacteria reproduce asexually by fi ssion. However, they can exchange genetic material among each other, even between diff erent species. For example, the exchange of plasmids is the major process that contributes to the rapid evolution of antibiotic resistance and is an important mechanism for the evolution of new, virulent strains and bacterial species ( Gal-Mor and Finlay 2006 ) . Bacteria have indeed evolved to infect virtually every other group of organisms except the viruses. Bacteria of one genus, Bdellovibrio , even attack other bacteria. They swim very fast, collide, and penetrate the cell wall of their victims to consume the cytoplasm. The Bdellovibrio then grow inside their host, form a number of new cells, and leave after the host cell wall has been dissolved. Hence, Bdellovibrio behave something like a virus or a parasitoid insect. In general, parasitic bacteria mostly infect through the mouth and digestive tract. It is less common that they infect via the integument (skin) or the trachea and lungs. Bacteria infecting the respiratory tract, however, include some of the most dangerous parasites for humans (e.g.
Bacillus anthracis , Mycobacterium tuberculosis ).
If we look at the systematics of bacteria, the (mostly) Gram-positive cluster of the Firmicutes is very diverse and among the largest groups of parasitic bacteria. Today, the taxon has become restricted to the so-called low G+C group that sets them apart from the Actinobacteria. The latter are Gram-positive bacteria with a high G+C content, which are mostly living as decomposers of organic material, e.g. Actinomyces , but with some being important pathogens (e.g. Mycobacterium , Corynebacterium ). The restricted taxon Firmicutes includes the classes Bacilli, Clostridia, and Mollicutes. Many well-known and feared pathogen genera, such as Bacillus , Staphylococcus , Streptococcus , Enterococcus , Listeria , or Clostridium , belong to this group. Many species can form durable capsules resistant to desiccation and so can survive extreme conditions. The outer wall of these capsules consists of polysaccharides and is highly antigenic for the host.
Evolutionarily close to the Firmicutes, the class of Mollicutes is an unusual group of bacteria that have a small genome, no cell walls (and thus do not respond to Gram staining), and also lack some other components, such as fi brils, but are nevertheless able to actively 'swim' . The Mollicutes include the (order) mycoplasms that can move by gliding on surfaces. The group of Mollicutes is secondarily derived and they presumably split from the Gram-positive Firmicutes around 65 million years ago, progressively becoming more specialized to the parasitic life-style and losing some of their genome in the process. A further bacterial group, the Spirochaetae, are elongated and spiral-shaped bacteria with a characteristic corkscrew-like appearance. Most are free-living and can tolerate quite extreme conditions similar to the Archaea; some have become parasitic. Due to their shape and a special system of locomotion propelled by endofl agella, Spirochaetae are well adapted to move through highly viscous media, such as mucus, and to penetrate into tissues that other bacteria cannot. Treponema pallidum , the causative agent of syphilis, is probably one of the bestknown representatives of this group. Chlamydiae are very small (sometimes smaller than viruses) obligatory intracellular parasitic in eukaryotic hosts. Examples are Chlamydia trachomatis that causes eye trachoma, and C. pneumoniae responsible for lung infections.
The large group of Gram-negative Proteobacteria deserves mentioning, as they include a wide variety of well-known pathogenic bacteria. The group is further divided into the subgroups of Alpha-to Epsilonproteobacteria showing diff erent characteristics. The Alpha-group consists mostly of phototrophic species but also contains dangerous pathogens, such as the Rickettsias. It is believed that this group gave raise to eukaryotic mitochondria. The Beta-group are important bacteria in soil, e.g. for nitrogen fi xation. However, the pathogenic genera Neisseria and Burkholderia , also belong to this group. Gamma-proteobacteria contain some of the most signifi cant human parasites, such as the Enterobacteria, the genera Vibrio (causing cholera), Salmonella , Yersinia (bubonic plague), Escherichia coli , and the Pseudomonaceae. Finally, the Epsilon-group is rather small and most species seem to dwell in the digestive tract of animals. Among those, Helicobacter pylori is an important and widespread human pathogen inhabiting the stomach.
The basal Eukaryotes
Diplomonads are basal, fl agellated eukaryotes lacking mitochondria and having two nuclei. The group is small (50-60 species) but includes, for example, Giardia lamblia that can be contracted via contaminated water and causes gastro-intestinal infections in humans. Similarly, Trichomonads are mostly parasitic, primitive eukaryotes, and include Trichomonas vaginalis that inhabits the human vagina, often found in otherwise weakened patients. Trichomonads are typically transmitted by direct contact.
Protozoa
Protozoa are a highly diverse group of small, single-celled organisms that otherwise possess all the basic traits of the higher metazoa (the multi-cellular organisms) and, in particular, are heterotrophic like the animals or fungi ( Cheng 1986 ) . The vast majority of protozoa are freeliving, but among those that have adopted a parasitic life-style, we fi nd some important pathogens of humans and their livestock. Protozoa are eukaryotes, thus they have nuclei containing the (nuclear) genetic material. However, the genetics of protozoa can be quite complicated. For example, some groups have one nucleus, others have two nuclei that resemble each other (e.g. the Sarcomastigophora, Apicomplexa, Myxospora), whereas still other groups (e.g. the Ciliophora) have one microand one macronucleus. The protozoa basically reproduce by fi ssion. It is controversial how many protozoa reproduce strictly asexually and so form clonal lines, or whether they only sometimes reproduce sexually ('inter-mittent' or 'epidemic' sexuality), or whether sexual reproduction is common and even follows the standard laws of meiotic recombination, as seen in higher organisms ( Tibayrenc and Ayala 2002 ) . Note that 'sexual reproduction' here refers to the basic defi ning principle that two parents contribute genes to any given off spring, that is, bi-parental reproduction.
Protozoa feed by several methods, such as by phagotrophy (i.e. engulfi ng solid food), as is the case in amoebae. Alternatively, protozoa can directly absorb nutrients through the body wall (saprozoic feeding), which is also found in amoebae or fl agellates (e.g. Crithidia luciliae ). Many protozoa are capable of forming a cyst that can survive unfavourable conditions, as for instance, the human pathogenic amoeba, Entamoeba histolytica , which endures extreme conditions of heat and low humidity for many weeks. Cysts are also the transmission stage that infects a new host, as is the case for Entamoeba or Giardia . Cysts can furthermore specialize with regard to the attachment to the host' s surface; this is the case for the ciliate Ichthyophthirius that infects the epithelium of fi sh. In these cases, the parasite has to go through a process of excystation, i.e. the process of opening and exiting from the cyst, so as to infect the host to which the parasite has attached ( Cheng 1986 ).
How to group and classify the diff erent protozoa is controversial. With the increasing use of DNA sequences as a tool to study phylogeny, the protozoa have become more accessible than before. Nevertheless, a lot of uncertainty remains and it is likely that current classifi cations will have to be changed in the future. In the simplest scheme, the protozoa are divided into four basic groupsthe fl agellates (Mastigophora), amoebae (Sarcodina), sporozoans (Sporozoa, Apicomplexa), and the ciliates (Ciliophora). These groups are, however, not uncontested and alternative classifi cations at all levels exist. For example, the Sarcodina and Mastigophora are also sometimes grouped together in a phylum Sarcomastigophora.
Mastigophora
The Mastigophora are parasites of plants and animals. They are characterized by the presence of a fl agellum that allows them to move effi ciently in the host' s body fl uids. Most fl agellates, therefore, live in the host' s digestive tract, the circulatory and lymphatic systems, but some also lodge in specifi c tissues. The Kinetoplastida are an important group, since they contain a large number of parasites of humans, livestock (e.g. Trypanosoma, Leishmania ), crops, and other plants (e.g. Phytomonas ). The trypanosomes have evolved relatively streamlined body shapes that allow them to move in the host' s bloodstream with little eff ort. Other examples of Mastigophora are parasitic Dinofl agellates that infect plants and animals (e.g. on gills of fi sh) ( Cheng 1986 ).
Sarcodina
The Sarcodina include the Actinopoda and Rhizopoda. The Actinopoda contain only a few parasitic species. The most prominent Actinopoda are the Radiolaria, which are not a major parasite group. The majority of parasitic Sarcodina, however, belong to the Rhizopoda, which includes the Amoebae but also the free-living, marine Foraminifera. The surface of amoebae is formed by a very fl exible membrane allowing them to change their body shape. By forming pseudopodia they move in an 'amoeba-like' fashion. Accordingly, they do not swim freely but glide on surfaces. Parasitic forms are, therefore, often found in the alimentary tract of their hosts, where they are associated with the lining of the intestines ( Cheng 1986 ). Parasitic amoebae commonly form durable cysts that serve as the transmission stage capable of dispersing to a new host. In amoebae without cysts, it is the trophozoite (the 'feeding form') that is the transmission form. Amoebae typically reproduce by binary fi ssion, but some free-living forms also reproduce sexually with fl agellated gametes and meiosis.
Entamoeba histolytica is the most prominent pathogenic amoeba. The trophozoite is most commonly found in the colon and rectum of humans and other primates, but also dogs or cats might become infected. The trophozoite feeds on the host by engulfi ng fragments of the host epithelial cells, but also blood cells in the bloodstream, or bacteria that inhabit the same host. Sometimes, E. histolytica leaves the intestines and invades other tissues, notably the liver, where the trophozoite feeds on cells and causes severe damage (e.g. leading to a liver abscess). The infective stage of E. histolytica is passed out as a cyst in the faeces of hosts. Cysts in water survive for several weeks, and still for many days under adverse conditions such dryness, high temperatures (up to 50°C), or weak concentrations of chlorine ( Cheng 1986 ) . Because E. histolytica does not cause pathogenic eff ects in all host individuals, asymptomatic hosts can carry the infection and spread cysts in the population without being noticed.
Sporozoa
A prominent group among the Sporozoa is the Apicomplexa, to which the Gregarines, Coccidia, the Haemosporidia, and Piroplasmida (e.g. Babesia , a parasite of cattle) belong. Species in all of these groups can cause severe pathologies. The Gregarines are parasites of invertebrates, mainly arthropods, molluscs, and annelid worms, often living in the cells lining the intestinal tract and reproductive organs. Gregarines obtain nutrition through their body wall and most of them reproduce sexually (exclusively so in the Eugregarinida) ( Cheng 1986 ). In the Eugregarinida, infection usually occurs by ingestion of spores that typically contain eight sporozoites, which then independently penetrate the host epithelial cells. After a period of development and migration within the host, each individual (i.e. the gametocyte) pairs with a mate to form the gametocyst, which then undergoes cell division and forms gametes. Within the gametocyst, 'male' or 'female' gametes are formed, each type by one of the two partners. The gametes then fuse (in isogamy) to form a zygote. Numerous such zygotes are formed within a gametocyst. In the process, the gametocyst further develops into a secondary cyst, the oocyst (sporocyst). Oocysts are then shed in the host' s faeces to be transmitted to another host ( Cheng 1986 ) .
Coccidia are parasites in the epithelia that line the alimentary tract of vertebrates and invertebrates ( Cheng 1986 ) . Typical for this group is the alternation between sexual and asexual reproduction in the life-cycle. Spores of Coccidia are very resistant against adverse environmental condition Among the Coccidia, the Eimeriidae contain some important parasites, e.g. Eimeria tenella , that infect poultry. Infections by other Eimeria spp. can cause economic problems in rabbits, grouse, pigs, sheep and goats, cats, dogs, cattle, or trout ( Cheng 1986 ). Some Coccidia require two hosts to complete their life-cycle, e.g. Toxoplasma (Eimeriidae) has to go through cats and invertebrates. Toxoplasma gondii infects a wide range of hosts and travels in white blood cells (leukocytes) to target organs such as the nervous tissue or the eye.
The Plasmodiidae are the most important group belonging to the Haemosporidia . This family includes the malaria-inducing Plasmodium . Other than humans, species of Plasmodium infect lizards, frogs and toads, birds, rodents, and other non-human primates. Plasmodium is a vectored parasite, which utilizes insects to become transmitted from one host to the next.
Ciliophora
The Ciliophora ( Cheng 1986 ) (probably around 8000 species) are characterized by being heterokaryotic, i.e. they have two kinds of nuclei (a micro-and macronucleus), and possess a typical and complex infra-ciliate structure that is associated with the external ciliae, which can cover the entire animal as, for example, in Paramecium . Ciliophora divide by lateral fi ssion. However, they also engage in sexual reproduction with conjugation, during which two individuals exchange their genetic material. The macronucleus is polyploid and contains genes responsible for the cell' s metabolism. It is involved in phases of asexual reproduction. The micronucleus seems not to be very active and is sometimes believed to be a kind of gene repository. However, it is also active in sexual reproduction. In some cases, the micronucleus produces a new macronucleus after conjugation ( Marquardt et al. 2000 ) .
Most ciliates are free-living (e.g. Paramecium ) and they are important symbionts for herbivores, helping to digest cellulose. Some, however, are parasitic in a variety of other organisms. Balantidium coli parasitizes pigs and also humans. It causes dysentery and diarrhoea. B. coli is directly transmitted in the form of cysts and reproduces in the host' s intestines. A similar direct life-cycle is known from Ichthyophthirius multifi liis that parasitizes the external surface of fi sh and causes 'white spot disease' . It is found in a wide variety of freshwater hosts (carp, trout, catfi sh). After leaving the fi sh, the parasite attaches to the sediments and becomes encapsulated in a gelatinous covering within which it develops further to eventually form so-called theronts that are able to attach to passing fi sh ( Marquardt et al. 2000 ) .
Fungi
Estimates of fungal diversity range as high as 1.5 million species. Fungi are usually grouped into four diff erent phyla: the Chytridiomycota, Zygomycota, Ascomycota, and the Basidiomycota, with an inferred evolutionary history and phylogeny that follows this ordering. One of the more recent big surprises from molecular systematics was that the Microsporidia, hitherto thought to belong to the Myxozoa, are actually highly specialized and reduced parasitic fungi ( Keeling and Fast 2002 ) that probably diverged very early in the evolution of the group ( James et al. 2006 ). This, incidentally, underpins the fact that fungi are closer to the animals than they are to the plants.
Parasites occur in all of the major fungal groups and it is, therefore, diffi cult to generalize. It will suffi ce to give a few examples. Among the Chytridiomycota, Batrachochytrium dendrobatidis has become a prominent pathogen, since it aff ects amphibians, such as frogs, where it can cause a deadly disease (chytridiomycosis). B. dendrobatidis is thought to be, at least partly, responsible for the worldwide decline in amphibian diversity ( Stuart et al. 2004 ) . Among the Zygomycota, the order of Entomophthorales contains widespread pathogens mostly of insects, but some can also infect mammals (e.g. Basidiobolus ). Infection by these fungi sometimes causes spectacular changes in the behaviour of the infected hosts. Infected wood ants ( Formica ), for example, tend to climb on grasses in the evening and to stay there. The fungal hyphens then grow out of the body and fi x the ant on to the substrate. After the ant has been killed by the growing fungus, the fungal spores are dispersed from the cadaver that remains fi xed in this vantage position ( Marikovsky 1962 ; Loos-Frank and Zimmermann 1976 ; Schmid-Hempel 1998 ) . Other Entomophthorales produce spectacular spore stalks in many diff erent shapes that protrude from the insect host and facilitate the dispersal of the parasite' s spore.
The Ascomycota are the largest and most diverse group of fungi comprising the yeasts, many of the fungal partners in lichen, as well as the truffl es and morels. Most Ascomycota are parasitic on plants, e.g. the Phyllachorales or Erysiphales ('powdery mildew' , which is caused by a large number of diff erent fungal species). Erysiphales typically overwinter inside plant buds as a mycelium (a fungal thread). As the buds open in spring, the sexual ascospores are dispersed by wind and rain, and land on the surface of a next host where they germinate and so infect. During the growing season of the fungus, asexual spores (the conidia) are produced that further disperse the infection. After spore germination, the fungal hyphae enter the plant tissue (the epidermal cells) by means of haustoria, specialized tips of the hyphae that are able to penetrate the host cell surface by enzymes that degrade the cell wall. An infection is typically visible by the whitish or grey powdery appearance of the leaf surface. Powdery mildew is an infection that aff ects many crops, such as grapes, wheat, barley, vegetables (onions, cucurbits, and so forth), and valuable horticultural plants (e.g. apples, roses). A full infection can spread throughout the entire plant. Damage results because leaves and buds die off . Further Ascomycete fungi belonging to the Laboulbeniales are parasitic on insects and other arthropods. Within the Pneumocystidomycetes, Pneumocystis carinii ( P. jiroveci ) causes lung infections, typically in immune-compromised human patients.
The Basidiomycota represent the other large fungal group in this kingdom (the 'higher fungi'). Most are free-living but some, like the rusts (Pucciniomycota) or smuts, parasitize plants or, sometimes, other fungi (Tetragoniomyces). Other species are pathogens of animals, such as Cryptococcus . Fungal taxonomy is complicated by the fact that the same organism changes its morphology dramatically during diff erent life stages and might, for example, have a yeast-like (anamorphic) form during one stage but grow with hyphae in another (e.g. Cryptococcus = Filobasidiella ), refl ecting the large diversity of life-styles and complex life-cycles.
Finally, and as mentioned above, the Microsporidia are highly specialized parasitic fungi with around 1500 described species. They primarily infect insects but also occur in fi sh, crustaceans, and occasionally in other animals, including mammals. Nosema apis , for example, is a parasite of the honeybee and can cause severe problems for honeybee breeding. Symptoms include dysentery and a sluggish behaviour, e.g. the sting refl ex is weak. Because digestion of the infected bees is compromised, the colony becomes considerably weakened. Furthermore, infected queens may become superseded by a new one. N. apis has been mentioned as one possible cause of Honeybee Colony Collapse Disorder that has aff ected large numbers of commercially operated hives in North America and Europe. Some Microsporidia are hyperparasites of trematodes (see below), that is, they are parasites on another parasite. For example, Nosema legeri and N. spelotremae are parasitic on trematodes that infect marine bivalves ( Cheng 1986 ) .
Microsporidia lack mitochondria and structures for active locomotion. Microsporidia form spores with a wall that contains chitin. The most remarkable feature of microsporidia, however, is the polar tube that is coiled up inside the spore. Upon contact with a host cell, the tube is explosively discharged and penetrates the cell wall ( Figure 3. 3 ). Subsequently, the sporpoplasm of the parasite enters the host cell via this tube. Once inside the host cell, the sporoplasm develops by growing and dividing, before eventually producing new spores for further transmission. While spores are relatively easy to spot, even under the light microscope, the stage of an infection during which only the sporoplast is present is diffi cult to detect. Because there can be some time between infection and the formation of new spores, many infections go unnoticed unless they start to produce detrimental eff ects on the host. Microsporidia can have complex lifecycles, with sexual and asexual phases, and some species are also known to have distinct, polymorphic spores with presumably diff erent functions.
Nematodes (roundworms)
Nematodes have a remarkably simple body plan, but are also a remarkably successful and diverse group,with both free-living and parasitic species, and with simple and complex life-cycles. The genome of Caenorhabditis elegans has been fully sequenced and this (non-parasitic) species has become one of the standard model organisms of biology. Parasitism has evolved several times independently in nematodes ( Dorris et al. 2002 ) and the host range includes plants as well as invertebrates and vertebrates. Nematodes are often important parasites in domestic animals, such as in poultry or sheep, where they infect the intestines, lung, muscles, or the eye. However, nematodes are also of medical relevance. For example, the guinea worm (or medina worm, Dracunculus medinensis ) is a nematode that has been known since antiquity. It can be contracted by contaminated water and causes dracunculiasis in humans. The nematode infects the deep connective and subcutaneous tissues, as well as the skin. One to two years after infection, a fully developed dracunculiasis is characterized by the formation of painful blisters on the skin at places where they female worm will emerge (mostly on limbs). The blisters burst and one tip of the nematode emerges. Infected people typically attempt to alleviate the pain and burning sensation by putting the aff ected limb into water. When in the water, the parasitic female releases large numbers of tiny larvae that are able to infect a next host; this is a crustacean that acts as an intermediate host and is where male and female worms mate. Today, the guinea worm is restricted to rural sub-Saharan Africa. The ancient (and still used) treatment is to slowly extract the parasite through the opening of the blister by means of a small stick onto which the worm is wound. Some historians believe that this method is the origin of the medical symbol with a snake and stick (the rod of Asclepius) that we use today.
Flatworms
'Helminths' is not a valid taxonomic and systematic unit. However, this term is widely understood to describe the set of 'worm-like' parasites, such as the nematodes, trematodes, and cestodes, and it will therefore be used here. The dispute over the taxonomic validity and classifi cation of various helminths is not new. Currently, the groups discussed in this section belong to the phylum Platyhelminthes-the 'fl atworms' . This phylum contains the Turbellaria (planarians), Trematoda (the fl ukes, including the Digenea), Monogenea, and Cestoda (tapeworms). Monogenea are sometimes considered a subgroup of the Cestoda. As a group, the Platyhelminthes are bilaterally symmetrical but non-segmented animals that have no coelom (body cavity). Some are free-living but most are parasitic. Flatworms reproduce sexually or asexually, most are hermaphroditic and many have evolved mechanisms to avoid self-fertilization. Some groups (e.g. the Digenea) have extremely complicated life-cycles with several specialized life-history stages. (Recall also that nematodes my have a complex life-cycle). Some fl atworms are extremely irritating, damaging, and prevalent parasites for humans (e.g. Schistosoma , liver fl ukes).
The Cestodes (tapeworms; Marquardt et al. 2000 ) are parasites of vertebrates and of some freshwater oligochaetes. They have no digestive tract or mouth but absorb their nutrients through their body wall. Cestodes, however, possess sophisticated structures (the scolex or holdfast at the anterior end; these are either hooks or suckers) to fi x themselves in the host' s intestinal tract. Right after the scolex, there is a specialized single segment of the body, followed by a repetitive multi-segmented body part. Each of these repetitive segments is called a proglottid. Each proglottid typically has its own reproductive organ-with immature segments near the scolex and the mature ones near the posterior end of the animal. Ripe, gravid proglottids have uteri fi lled with eggs, but can release sperm as well. Sperm are released and the fertilized egg (zygote) develops into a larva (the oncosphere), which is the transmission/infection stage. The oncosphere is consumed, for example, by an invertebrate intermediate host. The larva then develops into a metacestod, at which stage it is passes into the vertebrate fi nal host (as a predator eats the invertebrate prey) and becomes again a sexually mature cestode.
Diphyllobothrium latum is the most important and largest tapeworm that can infect humans. It generally causes few symptoms, except for a potentially dangerous anaemia. D. latum can grow to a size of 20-25 m and a diameter of almost 2 cm (!) ( Marquardt et al. 2000 ) , and the mature parasite may have up to 4000 proglottids. The life-cycle of D. latum is dependent on freshwater habitats and includes a variety of cladocerans (e.g. Cyclops ) as the fi rst intermediate host. The oncosphere is ingested by the cladoceran, where it develops into a procercoid within two weeks (depending on temperature). The infected cladoceran later is consumed by a planktivorous fi sh. Once ingested by the fi sh, the procercoid migrates into a diversity of tissues (mainly muscle, ovaries, liver) and develops into the plerocercoid, which is already some six to ten mm long. As this fi sh becomes eaten by a still larger predatory fi sh, the plerocercoids simply continue their existence in the new host and accumulate in numbers. A large pike, for example, may harbour around one thousand such parasitic forms; in a given area almost all pikes may be infected ( Marquardt et al. 2000 ) . At this point, the large fi sh is consumed by the fi nal host, such as a human, or perhaps a dog (but the parasite cannot, for example, develop in a bear). Infections in humans are due to insuffi ciently cooked food. The parasite grows in the human intestine with 5 cm a day and starts to shed eggs after 30 days. Such infections-if untreated-can persist for as long as 30 years. Infections by D. latum are also known from industrialized countries. For example, a survey in Sweden showed that in the study area, 100% of the fi sh were infected and that 20 people in the vicinity of these lakes and rivers were diagnosed with this tapeworm ( Von Bonsdorff and Bylund 1982 ; Marquardt et al. 2000 ) .
Acanthocephala
The Acanthocephala (spiny-headed worms) are a small ( c . 1200 species) but interesting group of entirely parasitic species. They are often discovered in the fi nal hosts, such as fi sh, reptiles, birds, and sometimes in mammals. The intermediate hosts of Acanthocephala are invertebrates, such as isopods or insects, which are eaten by the fi nal host, for example, a duck ( Marquardt et al. 2000 ) . A prominent feature of this group is the retrievable proboscis armoured with hooks (from which the phylum receives its name) that serves to fi x the adult animal in the intestines of its fi nal host. Acanthocephala are sexual with larger females and smaller males, while the larva does not (asexually) reproduce on its own.
A typical life-cycle starts with the female producing eggs that, when fertilized, leave the female as ova with a developing larva (the acanthor) inside. Once ingested by an appropriate intermediate host (e.g. a beetle), the acanthor pierces the host' s gut wall and migrates into the haemocoel, where it develops into the next stage, the acanthella. The acanthella eventually becomes encysted in its intermediate host, thus forming the cystacanth that is now ready to infect the fi nal host when its carrier is eaten by a predator. Cystacanths can stay alive and remain infective for the fi nal host even when they reside in a transport or paratenic host. In the fi nal host, the cystacanth drops its hull, attaches to the gut wall and develops into the adult form.
Acanthocephala have no digestive tract. Nutrients are therefore absorbed through the body wall. Because Acanthocephala possess many intriguing and unique characteristics, their placement in the tree of life has always been unclear. For some time, they have been assigned a position in the Aschelminthes-a large summary group of very diverse animals. Molecular evidence (DNA sequences) now suggests that Acanthocephala are a sister group to the rotifers ( Garey 2002 ; Wallace 2002 ) . Within the Acanthocephala, there are several classes with diff erent characteristics.
Annelida
By far the majority of Annelida (the segmented worms) are free-living, such as its best-known representative, the earthworm ( Lumbricus sp.). However, some annelid species are parasites, with the leeches as the most prominent example. Annelids are very advanced organisms with a closed circulatory system, a complete digestive tract, and respiration via the integument or gills.
The (class) Polychaeta are marine worms with some species being endo-or ectoparasitic on fi sh. For example, Ichthyotomus sanguinarius attaches to the fi ns of eels and uses an apparatus composed of protruding stylets, a sucking pharynx, a large gut, and proteins that prevent coagulation, to feed on its host' s blood ( Marquardt et al. 2000 ) . Among the approximately 500 species in the (class) Hirudinea (the leeches), about one-quarter consume blood from vertebrate hosts in diff erent habitats. After a blood meal, a leech drops off the host and develop its eggs elsewhere before it attaches to the next host. In many places, and since antiquity, the medical leech ( Hirudo medicinalis ) has been used to cure a number of diseases. The fi rst applications go back to ancient India. In ancient Greece, Nicander of Colophon ( c . 130 b.c .) gave detailed instructions on how to use them ( Marquardt et al. 2000 ) . Even today, leeches are used in medicine for some specifi c purposes; H. medicinalis , for example, is a source of hirudin, a potent anti-coagulant. These animals are therefore used as tools in treatments involving tissue grafts and reattachment surgery; their saliva not only contains hirudin but a range of other compounds that increase the blood fl ow and act as local anaesthetics. Leeches have annual life-cycles and mate in early season. They can also serve as vectors for other parasites, such as trypanosomes or gregarines (protozoa).
Crustacea

Pentastomida
This is a very small group ( c. 100 species) of endoparasites that live in the respiratory tract of vertebrates. Pentastomida have traditionally been classifi ed a separate phylum but, according to newer morphological and molecular data, are more likely to be crustaceans, perhaps close to the fi sh-ectoparasitic Branchiura ( Riley et al. 1978 ) . Pentastomida are also called 'tongue worms' , since they can often be found lodged in the nasopharyngeal area of the host (e.g. Linguatula serrata in the nose of dogs) ( Marquardt et al. 2000 ) . In the Middle East, and as a consequence of the consumption of traditional dishes with raw or poorly cooked meat, Linguatula serrata is the cause of halzoun and marrara syndrome in humans ( Marquardt et al. 2000 ) . The syndrome is associated with heavy swelling of aff ected tissues in the throat or nasal ducts, which can lead to suff ocation; there is also a risk of secondary bacterial infections.
The Pentastomida have no system for circulation, excretion, or respiration, yet possess an outer chitinous cuticle. Pentastomida are sexual, with males and females, and eggs are fertilized internally. The example of Porocephalus crotali illustrates their life-cycle. The developing embryos leave the host via nasal or oral secretions to release the primary larva, which has small leg-like appendices. The larva is ingested by an appropriate intermediate host, such as a mouse. When a fi nal host, e.g. a rattlesnake, preys on the intermediate host, the nymphs penetrate the intestines and migrate to the lungs where they eventually lodge. The primary larva then moults several times to develop into a nymph that becomes encapsulated in the host' s tissue. Later, the mature eggs pass out into the nasal secretions from where the developing primary larva leaves.
The remaining large group of crustaceans contain a considerable number of parasitic species, although the distinction between mutualism and parasitism is sometimes diffi cult to check ( Poulin 2004 ; Rohde 2005 a ).
Copepods
This group is associated in one way or another with many marine and freshwater host organisms, such as sponges, molluscs, echinoderms, or fi sh. Some copepods have a two-host life-cycle. Most is known about the fi sh parasites. Around 30 families of copepods contain species that lodge in fi sh gill chambers, the nostrils, on fi ns, and around eyes. Their morphology and body shapes are varied but adapted to attach and cling to the fi sh surface. These parasitic copepods damage their hosts by their attachment mechanisms (claws and suckers), as well as by their feeding. They feed by rasping material from the fi sh' s surface or by sucking blood and other host fl uids. In the latter case, they clearly deserve their nickname as 'sea lice' .
Isopods
The parasitic members of this group are mostly marine and typically ectoparasitic on fi sh and other crustaceans. Similar to the copepods, fi sh-parasitic isopods dwell in the gill chamber, in the mouth, and on the body surface. They attach themselves with their hooked legs. Isopods that are parasitic on other crustaceans normally attach to the cephalothorax of their host. They damage their host through the attachment and through the consumption of host tissue and fl uids.
Branchiura (fi sh lice)
With about 200 species, the Branchiura are fi sh ectoparasites mainly in freshwater or estuaries. As with the other groups, fi sh lice can impose severe threats and economic losses to farmed fi sh.
Other groups
Further parasitic crustaceans include groups that are parasites on other crustaceans (Tantulocarida, c. 30 species in freshwater and estuaries) and on echinoderms (Ascothoracida, c. 100 species). Some use a wide range of hosts, such as the Cirripedia, that parasitize polychaetes, crustaceans, dogfi sh, sea anemones, echinoidea, or crabs. Most of these crustaceans are barely recognizable as such, and the barnacle Sacculina carcini is among the most bizarre of these creatures, and perhaps one of the most bizarre parasites more generally ( Figure 3.4 ) . It infects several crab species. The female larva (the cyprid) settles on the host surface and uses its stylet to penetrate the cuticle. A specialized stage (the vermigon) is then injected into the host haemocoel. After a period of growth, the parasite appears externally as a small virgin female that attracts male parasites. The female grows further to become sexually mature and to reproduce. Eventually, the parasitic female has fi lled its host with a network of body appendages that drain the host of its resources, while the reproductive parts are outside the host, where the healthy host females normally carry their brood. Male hosts also become feminized and in the process can change their body shape to resemble females. Many of these parasitic crustaceans have rather complex and sometimes bizarre life-cycles, as well as strongly modifi ed morphologies.
3.2.11 Mites (Acari), ticks, lice (Mallophaga, Anoplura)
Mites, ticks, lice together are an immense group of perhaps one million species. The mites (Acari) are by themselves very diverse and they infect plants (spider mites, gall mites, and so forth) as well as animals (on skin, in hairs, and feathers). Taxonomically, the mites are normally grouped into the Acariformes, comprising the mites (Trombidiformes, Astigmata) parasitic on very different kinds of organisms, the Parasitiformes including the Mesostigmata (parasitic on birds and insects), the ticks (Ixoda), and the Opilioacariformes (mites resembling harvestmen). Correspondingly, the life-styles and adaptations in this group vary tremendously. In some sense, however, the mites are for terrestrial hosts what the parasitic crustaceans are for aquatic ones. Typical for all of them is that these species are ectoparasitic or lodge in body openings (e.g. the tracheal mites of honeybees) where they consume host tissues and body fl uids. In many cases, however, it is not clear whether they are truly parasitic, simply commensalistic, or only phoretic, e.g. only use an insect or a bird as a transport vehicle from one site to the next. It is known, however, that this group of parasites also serve as vectors for microbial diseases. For example, ticks are vectors of Lyme disease caused by the bacterium Borrelia burgdorferi , and they also carry and transmit the meningitis virus. The Varroa mite vectors and activates Acute Bee Paralysis Virus (ABPV) in honeybees ( Schmid-Hempel 1998 ).
Parasitic insects (parasitoids)
There are a large number of insects that parasitize other arthropods, notably other insects. Typically for parasitoids, the adult stage is free-living and the larval stage is parasitic. Hundred thousands of hymenopteran species from diverse families, such as the Braconidae, Ichneumonidae, Chalcididae, Pteromalidae, have evolved this parasitic life-style. However, there are also highly diverse groups of dipteran parasitoids (e.g. Phoridae, Conopidae, Sarcophagidae) or the enigmatic group of the Strepsiptera that show many peculiarities in their biology and life-style. Several detailed accounts exist that can provide an introduction to the biology and signifi cance of this large group ( Askew 1971 ; Dempster 1984 ; Hassell and Godfray 1992 ; Disney 1994 ; Godfray 1994 ) . A special tribute must be paid to the countless insect species, among them many fl ies and mosquitoes, which act as vectors for many important diseases. Even though they are not themselves parasitic in the strictest sense, insect vectors are an extremely important group of organisms for parasitology.
The evolution of parasitism
Clearly, to be a parasite off ers several advantages over a free-living life-style. Such benefi ts include ready access to nutrition from the host, a free transport to other places, shelter from adverse environmental conditions or predators, and so forth. The actual evolutionary path from a free-living form to a parasitic one typically exploits some of these advantages. At the same time, the new parasite must evolve ways to deal with new problems, that is, to fi nd a host and deal with the host' s defences and its internal conditions, and to ensure transmission. Indeed, many extant species are only facultatively parasitic, which demonstrates that evolution towards parasitism is never in one big leap, but unfolds in steps and stages, each step with some advantages over the previous step, resulting in the highly specialized parasitic forms we see today.
There can be no parasitism without a host and, hence, parasites must ultimately be derived from non-parasitic ancestors that split off from non-parasitic free-living forms. We can identify some major routes to parasitism.
1. Some groups have both free-living and parasitic forms and, in many cases, the two forms are found in diff erent stages of the life-cycle of the same individual. Hence, facultative parasitism is one of the possible evolutionary routes to obligate parasitism. Some obligatory ectoparasitic crustaceans (cymochoid isopods), for example, must have evolved from facultatively fi sh parasites, as suggested by their phylogeny ( Brusca 1981 ) . The possibility to be parasitic at least some of the time certainly is an important preadaptation to evolve towards higher specialization and to a permanently parasitic life-style.
2. A second route is illustrated by the many small organisms that routinely attach to larger ones. They effi ciently disperse into new areas, a phenomenon called 'phoresy' . Phoresy frequently was a fi rst step towards parasitism, for example, in the mites and nematodes (see below) ( Walter and Proctor 1999 ). Later, the phoretic forms specialized to exploit their former transport host and so became 'true' parasites ( Figure 3 .5 ).
3. The benefi ts to reduce environmental variance might be a further route to parasitism. Hosts provide a steady environment in many ways. This might off er an alternative to dispersal in space or time (such as diapause, or durable stages). It has been argued that parasitism has evolved as such an alternative strategy in some crustaceans (copepods) ( Hairston and Bohonak 1998 ).
4. A prey might manage to survive in its predator and become parasitic. This route likely is involved in the evolution of complex life-cycles. However, it might also be important for the evolution of parasitism in the fi rst place. For instance, the ciliate Lambornella clarki , normally a free-living form in a pond, responds to the presence of a predator (mosquito larvae, Aedes sierrensis ) by developing into a parasitic cell able to attach and penetrate the mosquito' s cuticle and becoming a parasite in this host ( Washburn et al. 1988 ).
Parasites are often thought to be morphologically simpler than their free-living relatives-a pattern that, for example, is found in the Myxozoa ( Canning and Okamura 2004 ). However, this pattern is not universal. Parasitic nematodes are not much diff erent from free-living ones, and character losses are balanced by evolutionary gains of characters in parasitic fl atworms ( Brooks and McLennan 1993a , b ) . Also, at the genomic level there is not a universal trend towards lower genomic complexity in parasitic species, although this is generally diffi cult to measure. On one hand, genomes of parasitic bacteria show a severe reduction of genes, especially a loss of non-functional DNA-sequences, compared to non-parasitic species ( Mira et al. 2001 ; Moran 2002 ) . Similarly, microsporidia have a highly compacted genome as compared to other fungi ( Vivares and Méténier 2000 ) . But the genome of some parasitic nematodes (e.g. Ascaris ) and cestodes ( Hymenolepis ) is larger than that of their free-living counterparts ( Searcy and MacInnis 1970 ). Hence, the transition to parasitism sometimes involves reduction but sometimes also adding complexity. Parasitism, therefore, is not a degenerated life-style but a highly specialized way of life that necessitates evolutionary changes of many kinds. Just as there are many diff erent kinds of parasites, so should we expect that there is large variation in the route to parasitism, and in the associated morphological and genomic changes.
To retrace the actual evolutionary history is not always easy, as the parasite' s current morphology and genetic endowment may not yield many hints as to where it came from. Consider the viruses. Because of their extreme adaptation to a parasitic life-style and likely very old ancestry, most of the traces that would show from where the viruses originated have been lost in time. So, the origin of viruses is a highly speculative matter, but they must have been able to use a host in the fi rst place. The study of the origin of viruses (and many other parasites, too) is furthermore hampered by the fact that there are no viral fossils, so their evolutionary history has virtually left nothing but weak signals in the genomic sequences. From studies of sequences, several groups of viruses appear to share a common ancestry. For example, all Geminiviridae presumably have a common ancestor 200 Mio years ago ( Rybicki 1994 ). Also, many other parasitic groups today consist entirely of parasitic species-for example, the trypanosomatida, trematodes, or cestodesmaking it diffi cult to understand how parasitism evolved in these groups in the fi rst place. Nevertheless, parasitism is an old phenomenon, as shown by the fossil record, for example, with traces of infection in trilobite hosts 
Evolution of parasitism in nematodes
In the nematodes, comparison among extant species gives valuable hints for the reconstruction of the evolutionary path to parasitism. For example, some nematodes are dung dwellers and utilize organic waste. One can conjecture that a species, which has initially specialized to feeding on the dung of mammals, comes in contact with insects that also visit dung and lay their eggs in this resource, such as dung beetles or dung fl ies ( Figure  3 .5 ). At a later stage, these insects can serve as vehicles by which the nematode becomes transported to another dung patch. With this fi rst step, the nematodes would have benefi ted by evolving an effi cient strategy for their own dispersal, even though they are not yet truly parasitic. Among extant nematode species, we can see that such transport associations exist (phoresy) and that they are quite specifi c to the opportunities provided by the transport host. Nematodes, for example, lodge at specifi c locations on the transport host, e.g. under the elytra of beetles ( Blaxter 2003 ) . Such associations generally seem to entail negligible fi tness costs to the insect except, perhaps, in cases where there is strong resource competition between the nematode and the transport host for food at the new locality ( Richter 1993 ). Many non-parasitic nematodes are known to use animals as transport vehicles, often arthropods and molluscs.
The evolution towards true parasitism can progress when the insect-nematode transport relationship takes a new turn. For instance, the nematodes might incidentally start to feast on the carcass of their transport host in case of its uncorrelated death. This gives access to a new resource that is not competed by other dungdwelling organisms. From this stage, and if this new resource is profi table enough, a further step is that the nematode actively promotes the death of its vehicle to generate the food source. It thus becomes an active parasite. Even though this scenario is a plausible route to parasitism and is supported by comparison with living species, it is not known whether in any particular case the actual sequence of events indeed followed this path. However, it is an example that shows how an initial relationship that existed for diff erent reasons (i.e. feeding and contact on dung) can evolve into a hostparasite relation. Incidentally, in many unrelated groups of nematodes, host death is actually caused by symbiotic bacteria that the nematodes harbour. These bacteria produce the toxins that eventually kill the insect host ( Blaxter 2003 ) . This indicates that the evolution towards parasitism along the route explained above might necessitate the recruitment of yet other organisms, the bacteria, into this relationship.
Altogether, very few extant nematodes exploit their hosts by living on the host' s surface or by consuming it after its death. Most parasitic nematodes are either gutdwellers, or they live in tissues (e.g. the guinea worm). Gutdwellers exploit the food resources and the associated bacterial fl ora of the gut. Those that invade tissues must have undergone important shifts in their exploitation strategies. Not the least, they must fi rst reach their specifi c target tissue. Many of these species also eventually migrate to the gut for their reproduction and the release of eggs. Finally, many parasites of vertebrates have evolved to utilize vectors or intermediate hosts for transmission to the next host (for a full coverage of nematode life-cycles and development, see: Anderson 1992 ). The most common vectors are arthropods, mainly insects, which suggests that the association with arthropods, rather than with vertebrates, is the ancestral stage. This may be true for some groups but is unlikely the general pattern ( Blaxter 2003 ).
Evolution of parasitism in trypanosomes
In contrast to the nematodes, all living members of the Trypanosomatida are parasitic. Hence, we have no freeliving species for comparison. To understand the evolutionary path to parasitism, one can fi rst look at the larger group, the more distant relatives, of the Trypanosomatida. These relatives are the Kinetoplastids that contain some of the most relevant pathogens for humans, livestock, and crops in tropical areas. Examples are Trypanosoma brucei causing sleeping sickness in humans, Trypanosoma cruzi causing Chagas disease, Leishmania responsible for leishmaniosis, or Phytomonas causing various plant diseases. Furthermore, many Trypanosomatida are digenetic (have two hosts), or are vectored. So, not only the evolution of parasitism, but also the evolution towards a complex lifecycle needs to be understood.
In the Kinetoplastids as a whole, and according to new data, parasitism has probably evolved four times independently ( Simpson et al. 2006 ) . Furthermore, the Trypanosomatida descended from within the Bodonid group, with the closest free-living group probably being the Eubodonida ( Figure 3.6 ) . Today, free-living Bodonids (the Neobodonida, Parabodonida, Eubodonida) are found in a wide variety of aquatic habitats. If this phylogenetic relationship is any guide to the evolution of parasitism in the Trypanosomatida, the ancestral species might have had a life-style comparable with the biology of eubonids ( Stevens et al. 2001 ) . For example, they might initially have been commensalistic on the surface of invertebrates and vertebrates, thus gaining access to nutrition without imposing any substantial fi tness cost to the host. In a next step of this hypothetical evolutionary sequence, these species presumably became more like ectoparasites by starting to exploit their host more actively and living off its resources. Some of these species then managed to lodge in various body cavities, e.g. in the intestines or reproductive organs of snails, fi sh, or leeches. This provided not only access to resources, but also shelter and established a much closer association. For example, some of the modern-day Cryptobia are fl agellated trypanosomes living ectoparasitically on gills, in the gut, and also in the bloodstream of fi sh. The bloodstream became available as a new habitat once the original ectoparasites managed to invade the host's body either via the skin or through the gut mucosa ( Baker 1994 ) . Living in the bloodstream provided them with advantages in terms of a steady supply of nutrition, more or less homeostatic conditions, and shelter from enemies. In this early stage, therefore, some ancestral Trypanosomatids probably had successfully managed to live in the bloodstream of fi sh ( Stevens et al. 2001 ) . In turn, these early forms not only had to evolve ways to deal with the host's defence responses, but also needed to evolve durable stages that were able to survive outside the host and achieve transmission to a next host. For example, Cryptobia species that live as ectoparasites on fi sh gills are transmitted directly to the next host and somehow must manage to fi nd a new host. The ability to form cysts, which is observed in extant free-living forms, was certainly a pre-adaptation to the need for transmission stages in the parasitic descendants.
This scenario can explain how Trypanosomatida (and other Kinetoplastids) became parasitic in the fi rst place, but there is a more serious controversy over how the evolutionary process led from a monogenetic (one host) to a digenetic (two host) life-cycle (which is very prominent in the genus Trypanosoma ). Two main hypotheses have been formulated. They suggest that the ancestral species in the genus Trypanosoma were fi rst parasites of vertebrates that subsequently exploited, for instance, blood-sucking invertebrates as vectors. Alternatively, the ancestors could initially have been parasites of invertebrates that survived the consumption of their host by a vertebrate and so managed to exploit two successive hosts. According to the currently accepted phylogeny, both, the digenetic Trypanosoma and the monogenetic insect trypanosomes branch off at the root of the Trypanosomatida ( Figure 3 .6 ) and, consequently, both hypotheses might be true. The branching point is older than 300 million years and therefore just before or around the colonization of land by the vertebrates at the same time. From this time line, one plausible scenario leans towards the fi rst of the two hypotheses and suggests that the trypanosomes were fi rst monogenetic parasites of aquatic vertebrates and then evolved into digenetic parasites using leeches as their vectors ( Stevens et al. 2001 ). Only after their vertebrate hosts would have colonized the land, could a shift to arthropod vectors have occurred, and only after the appearance of bugs (Hemiptera, c. 250 Mio yrs) and Diptera (200 million years) would these specifi c blood-sucking vectors have been available.
As for the extant monogenetic insect parasites, these could only have emerged after the appearance of the fi rst insects. The Orthoptera (emerging c. 300 million years ago) are the most basic insect group harbouring trypanosomes today. Trypanosomes seem to be absent in the evolutionarily older insect groups, such as the Emphemeroptera and Odonata. One possibility is that insect trypanosomes were acquired secondarily from blood parasites of vertebrates and so evolved into a monogenetic insect parasite. However, there are no extant monogenetic Trypanosomatida in vertebrates, although a few Trypanosoma indeed manage to get transmitted directly via mucuous membranes upon contact with the next host. For example, T. equiperdum , the cause of dourine or covering disease in horses and donkeys, is transmitted across the mucosal layers during mating and may essentially be considered monogenetic. A more recent view holds that the genera Trypanosoma and Leishmania (which parasitize many vertebrates including humans) have taken the opposite evolutionary route and are actually descended from within insect-specifi c trypanosomes. Thus, they originally were parasites of blood-sucking insects that survived their accidental transition into the vertebrate host. The observation that species of these genera and other trypanosomes are opportunistic parasites on novel hosts lends some support to this view ( Dedet and Pratlong 2000 ; Podlipaev and et al. 2004 ) .
The diversity and evolution of parasite life-cycles
Just like any other organisms, parasites must survive and reproduce to achieve Darwinian fi tness. A lot of what is discussed in the fi eld of evolutionary parasitology and infection biology revolves around this issue. As we will see later, to precisely analyse how parasites achieve fi tness is an important key to understanding a number of seemingly unrelated problems, such as parasite virulence, host switching, strategies of immune defences, and the like. So, how do parasites achieve fi tness?
Steps in a parasite's life-cycle
Parasite must fi nd a place to feed, take up nutrition, grow, and reproduce, but the conditions under which they have access to nutrition, mates, and other important resources are quite particular. Looking at the typical life-cycle of a parasite, we can see the following steps ( Figure 3.7 ) .
Step 1: fi nding a host
Before any parasite can grow, multiply or reproduce, it has to fi nd a suitable host. Unfortunately, hosts can be far apart for a small parasite, such as a virus or a protozoanorganisms typically of a micron-scale that live in a large animal. To get to a new host is, therefore, a major problem. Not surprisingly, parasites have evolved many diff erent ways to increase the chances of successfully fi nding a host; for example, by the production of an enormous number of off spring. This ensures that at least some offspring will encounter a new host, even though the vast majority of eggs will be unsuccessful. To increase the effi ciency of fi nding a new host, more specifi c forms of transport have evolved.
Passive dispersion
With this simplest mode of transmission, the propagules are transported in air, water, or via surfaces. An example is the virus causing the common cold (Human Rhinovirus, HRV). The viruses are shed by the current host when sneezing, and passively disperse with the airfl ow until another host is encountered. The rate of host fi nding is, therefore, higher when potential hosts are near to each other, when there is a fl ow of air in the right direction, when the virus particles do not degrade quickly outside the host, and when the next host is receptive (e.g. in cold weather when the mucosal layers are dry and therefore off er many ruptures and entry points). Similarly, the bacteria that cause cholera ( Vibrio cholerae , El Tor ) are released into water through the host' s faeces and so are passively transported to a new host. Spores of anthrax bacteria ( Bacillus anthracis ) are found on surfaces, in the soil, or reside in animal carcasses until a new host comes into contact with a contaminated material. The bacteria then enter the new host via skin abrasions, via cuts, or through the mucosa lining the trachea and lung tissue. In these cases, B. anthracis can be seen as more of a sit-and-wait parasite that is capable of surviving a long time outside a host until a new opportunity arises. It so substitutes transfer in space with transfer through time. B. anthracis is also a good example of where an appropriate air fl ow aids dispersal. In humans, one form of anthrax infection is known as 'woolsorter' s disease' , since labourers in woolsheds or in factories might become exposed to spore-containing dust when animal hair and hides are handled.
Active host-fi nding
This is an option for actively moving, mobile parasite stages. For example, the females of parasitic wasps are free-living insects and are equipped with all the necessary sensory equipment to locate a new host. Female parasitoids can readily locate their victims across centimetres of solid wood (such as Rhyssa that parasitizes larvae of wood-boring beetles), or deep inside the leaves of a bushy plant to lay their eggs into larvae of caterpillars. Ectoparasites like mites and ticks are able to range over suffi cient distances to fi nd a new host, too. Furthermore, many parasites have evolved ways to bias the behaviour and sometimes the morphology of their current hosts to increase their chances of fi nding a new host, as we will see in later chapters. Even more sophisticated modes of fi nding a new host will be discussed under step 'transmission' .
Step 2: infecting and establishment in the host
Once a host has been encountered, the parasite must overcome the outer barriers (e.g. the skin or cuticle) and either enter the host' s interior (in the case of endoparasites) or become attached to the host' s surface; for example, on the gills of a fi sh (ectoparasites). Consequently, the infective form is often diff erent from the form that the parasite assumes once inside the host, or while in transit to a new host (this is especially the case in many protozoa). The most direct way to infect is per os , that is, when hosts ingest spores, cells, or any other infective form of the parasite. A vast number of parasites enter their host in this way. Inside the digestive tract of a mammalian host, for example, the so-called M-cells of Peyer' s patches in the gut are a frequently used for entry into the host, especially by bacteria. In Peyer' s patches the mucosa lining the gut wall is particularly thin, since they act as sentry points for the gut' s immune system. In turn, these sites are attractive for an invading parasite, as they so gain direct access to the underlying tissues or to the lymph-draining system that allows for effi cient dispersal to other parts of the host body.
In fi sh, some parasites arrive via the water fl ow around the gills and settle there; many specialized gill parasites infect like this. Alternatively, a parasite may also enter through other body openings, such as the anus, the cloaca, or the trachea in arthropods. Another route for infection is directly through the integument, as illustrated by fungi, by nematodes, but also by the specialized cercariae of trematodes. Penetration of the integument is not always easy, however. The penetration of the cuticle by fungi infecting an arthropod host is a good example. The cuticle is a very strong protecting outer hull, which is diffi cult to cross. Some fungi have, therefore, evolved specialized structures (the appressoria) that allow the growing fungus to fi rst gain a steady hold on the surface as it penetrates the cuticle by mechanical (pressure by the growing tip) or chemical (proteases, chitinases that digest the cuticle) means.
For many parasites, having encountered the host and reached its interior, or being anchored safely to the surface, is not yet suffi cient for a fully established infection and for its further development. In fact, parasites need to achieve a number of additional feats. For example, many endoparasites will have to reach the right kind of organ or tissue and so are forced to migrate through the host' s body in the process. But also ectoparasites need to get at their resources. For example, ticks need to sink their stylet into the host' s blood vessels, and crustacean fi sh parasites need to be able to rasp host scales or other tissue at appropriate places. After infection, some ectoparasites establish fi rmly by embedding themselves into the outer layer of the host' s skin or even induce special structures that hold them (e.g. larvae of gall wasps). These additional steps often require diff erent mechanisms from the initial infection of the host.
Step 3: growth, multiplication
Once the parasitic relationship has been fi rmly established and the parasite fi nds itself in the right place, it can grow and multiply. Uptake of nutrition and other essentials becomes of paramount importance. This phase is associated with the extraction of host resources, while preventing the host from clearing the parasite. We will discuss the manifold consequences of these processes in later chapters.
Step 4: reproduction
Reproduction is not equivalent to simple multiplication, since it involves the transmission of genetic information to off spring in particular ways. Notably, during sexual reproduction, the genetic material is typically halved, and even recombined, before being passed on to an off spring. Reproduction for a parasite may also involve the formation of special transmission stages, rather than just producing more of the current forms. As discussed before, such specialized transmission stages are characterized by being either mobile in the external environment (e.g. the actively swimming cercariae of trematodes), or able to survive diffi cult environmental conditions for extended periods of time (e.g. spores in many bacteria or fungi).
Step 5: transmission
Transmission is the change-over from one host to the next and, therefore, it connects up with step 1, that is, fi nding a host. Transmission is the point of the life-cycle that, for a researcher, is most amenable to a quantitative analysis of parasite fi tness, because it represents a bottleneck that can be observed from the outside. As we will see later, the relationship of transmission to the preceding growth and multiplication step is at the heart of some important ideas on the evolution of parasite virulence. Because of the importance of transmission, a closer look at the various modes is due.
Modes of transmission
Direct transmission
With direct transmission, the parasite transfers to a new host without any intervening other host or vector ( Figure  3.8 ) . For example, the HIV virus gets transmitted to a recipient by direct contact of blood from a donor. Direct transmission from host to host can also occur via deposition of infective stages on surfaces, in reservoirs, or via a passive transport medium, such as through air or water. Human Rhinovirus (HRV) spreading through air and the cholera bacterium Vibrio spreading through water, are examples of direct transmission in media. Also, the intestinal trypanosome, Crithidia bombi , which infects bumblebees, is a case in point. Its transmission occurs when an infected worker deposits infective cells on a fl ower that she visits. A further bumblebee that happens to visit the same fl ower picks up some of these cells and becomes infected ( Durrer and Schmid-Hempel 1994 ) . Hence, this is a directly transmitted parasite that uses as its medium the surface of a fl ower or the nectar reservoir that is a reward for pollinators. Furthermore, in cases such as HRV and Vibrio , the current host may become immobile due to the debilitating eff ects of the infection and have reduced contacts to new hosts. The parasite circumvents this problem when it is carried to distant hosts via the motion of air or water. In the case of Crithidia it is the host (a foraging bee) that is highly mobile and so spreads the infection on to diff erent places in the environment from where it is transmitted to new hosts.
Direct transmission can occur not only in space, but also in time For this purpose, many parasites form durable stages (spores, cysts, etc.) that can survive outside a host for a long time. They thus infect a new host in the distant future. For example, plants of the genus Striga are parasites of other plants; their seeds are highly persistent and can remain infective in the soil for 20 years ( Stewart and Press 1990 ); a similar case is Bacillus anthracis ( Duguid et al. 1978 ) . Also, viruses are known to be capable of surviving many years in the absence of a host and to remain infective ( Anderson and May 1981 ) . These examples illustrate parallel evolution of the same traits in unrelated groups of parasites. Dispersal is of a particular advantage if the environment is variable in space and time ( Comins et al. 1980 ) . For a parasite this means that hosts might not be available next year, but they may be so in a few years time. If so, it always pays a parasite to have durable stages that can seize an opportunity, if not in the next year, then afterwards. This time horizon can extend to several decades or perhaps even longer.
Transmission with paratenic hosts
Some parasites use a transport host (the so-called paratenic host), which acts as an optional substitute host, but where the parasite does not develop, grow or multiply, where no morphological changes occur, and no special eff ects on the host are generated. Paratenic hosts typically acquire the parasite by ingestion of the original host. An example would be the broad fi sh tapeworm that can befall humans ( Diphyllobothrium latum ; Marquardt . It is ingested by its normal host, a planktonfeeding fi sh, and develops there. The parasite can get transmitted to a new host when the original host is consumed by a predatory fi sh. If, at that moment, infective stages (e.g. eggs) are already present in the consumed normal host, the infective tapeworm stages are transported to the next host that they might be able to infect. This can be a human consuming the predatory fi sh or any another suitable vertebrate host.
Vector transmission
Dispersal and transmission can become more effi cient with the help of so-called vectors, such as is the case for the malaria parasite, Plasmodium , which is transported to a new host by mosquitoes. A vector can cover large distances (at the scale relevant for a single parasite) and is much more specifi c in getting to a next suitable host than transport by a paratenic host. Parasites that anyway live in the bloodstream, such as Plasmodium , are obvious candidates for vectoring by blood-sucking insects, ticks (e.g. Borrelia bacteria) or leeches (as in trypanosomes of fi sh). In contrast to the transport via a paratenic host, vector transmission also involves many more physiological interactions, sometimes rather complex ones, between the parasite and its vector. Hence, the vector is more than just a transport vehicle. Inside the vector the parasite can develop further. For example, the amastigote form of Leishmania is ingested by a sandfl y that acts as the vector. In the insect, these forms develop into procyclic promastigotes that multiply by binary fi ssion. They attach themselves to the midgut epithelium of the sandfl y, so as not to be excreted prematurely. Finally, the parasite develops further into metacyclic promastigotes, stops replicating, but is now ready for transmission to a new host. In some cases, parasites also undergo reproductive episodes in their vectors. When tsetse fl ies ( Glossina spp.), the vectors for Trypanosoma brucei , are infected by several strains, the parasites exchange genetic material, and so manage to reproduce sexually. Vector-based transmission introduces the behaviour of another organism, the vector, into the host-parasite interaction. In fact, vector behaviour can be infl uenced by the parasite. A good example is again the malaria parasite, Plasmodium , which gets vectored by a blood-feeding insect such as a mosquito. In the vector, the malaria parasite actively suppresses the mosquito' s ability to produce anticoagulants. These are injected via the mosquito' s saliva when feeding on a vertebrate host and allow the fl y to imbibe large quantities of blood in every meal. With low levels of anticoagulants, however, the host' s blood coagulates rapidly and the mosquito is forced to stop its current blood meal and to seek out a new host. In this way, the mosquito bites many more new victims than it would otherwise do and the parasite increases its chances to encounter more new hosts.
Trematode life-cycles
One of the most striking features with parasites is the seemingly absurd life-cycles, involving several hosts that all need to be encountered in the right sequence. These hosts are intermediate ones or the fi nal host. In the intermediate host, the parasite undergoes obligatory steps of its development, notably also the development into stages that can infect a fi nal host. The diff erence between the role of an intermediate host and a vector might sometimes be gradual, but parasites typically remain in intermediate hosts much longer than in vectors and undergo distinct developmental stages. In the fi nal (defi nitive) host, the parasite often reproduces sexually, but this distinction is not clear-cut. Rather, a fi nal host is typically the one considered most important (for a variety of reasons, e.g. the medical importance of infecting a human). From a biological point of view, the fi nal host is sometimes classifi ed arbitrarily and need not be the most interesting or critical one.
The best examples of complex life-cycles are found in the cestodes and trematodes. However, other parasitic groups, such as the Microsporidia or Coccidia, have also evolved complex life-cycles with several hosts; for example, the coccidian Aggregata eberthi has a cycle with a squid and a crustacean as hosts ( Cheng 1986 ) . Several hosts has led to the evolution of prominent examples of host manipulation, similar to the manipulation of vectors, so as to increase the chances of a transmission to the next host in the sequence. For example, a cestode ( Anomotaenia brevis ) infects the larvae of forest-dwelling ants of the genus Leptothorax and persists into the host' s adult stage. In the adult ant worker, it induces a sluggish behaviour together with persistent foraging activity outside the nest. In addition, a conspicuously yellow colouration develops (these ants are normally brownish). All of this makes the ant more visible and easier to catch for a predator, such as a blackbird or woodpecker. These birds are the next (fi nal) host that the cestode needs.
Parasites that only use one host are called monoxenic or monogenetic; those that use two hosts in their lifecycle, dixenic (digenetic) or heteroxenic (heterogenetic); both of these latter terms are also used for those using more than two hosts. This classifi cation should not be confused with parasites where males and females use the same host (monoecious), as compared to parasites where the two sexes use diff erent hosts (dioecious; e.g. in some groups of Strepsipteran parasitoids). Traditionally, trematodes were considered to contain a group of Monogenea (ectoparasitic, with a single host) and Digenea (the 'fl ukes' , with one or several hosts). However, modern classifi cation based on molecular data does not recognize 'trematodes' in this former sense and uses a (super-) group instead, the Neodermata, that contains all parasitic Platyhelminthes (fl atworms) parasitizing vertebrates as their fi nal host (in addition to the intermediate hosts of their life-cycle; Figure 3 .9 ). This clade contains the Monogenea as a more basic group, whilst the Digenea are a sister group of the Aspidogastrea (which also have a second host). The Digenea are the largest group within the Neodermata with well over 10,000 species ( Cribb et al. 2003 ) . The Neodermata also contain the Eucestoda (the 'true' cestodes), which have complex life-cycles but are more closely related to the Monogenea (with a simple life-cycle) than they are to the Digenea ( Cribb et al. 2003 ) . These taxonomic and systematic details are important, since they refl ect our improved understanding not only of the true phylogeny, but also how and where these exceedingly complex life-cycles of the Digenea and cestodes might have evolved. These parasites are generally sexual, which makes fi nding a mate particularly important. Some species have solved this problem by having become hermaphroditic; that is, they have become capable of selfi ng should a mating partner not be found. Note that in this book, we will nevertheless refer to 'trematodes' in the colloquial sense to mean the Monogenean and Digenean parasitic fl atworms.
To understand the evolution of digenetic or heteroxenic life-cycles from the phylogeny of parasitic fl atworms, we note that the group of Monogenea are typically ectoparasitic with a simple one-host life-cycle, and infect poikilotherm vertebrates such as teleost fi sh or sharks, where they are usually found on gills, scales, and fi ns. They are also parasites of amphibia and reptiles. A few species are also parasites of aquatic mammals, crustaceans, or cephalopods. Against this rule, a few species are true endoparasites, such as Dictyocotyle in the body cavity of a ray, and Polystoma integerrimum in the bladder of amphibians ( Cheng 1986 ). Being ectoparasites, monogenea have a highly sophisticated structure (the opisthaptor) by which they attach themselves to the surface of the host.
The one-host life-cycle of the Monogenea involves the development of oncomiracidiae (a larva that develops from eggs), which are the free-swimming stages that seek out a new host. They will attach and develop into the adult form. Mating partners, once found, often form a tight association. For example, in Diplozoon that parasitizes fi sh, the larva becomes attached to the gills, and two such larvae of opposite sex become attached to one another and remain so throughout their life. Even their reproductive systems eventually become connected with each other to form a single physiological unit. In endoparasitic forms (e.g. Polystoma integerrimum ), the parasite is ingested by the host per os and the parasite larvae has to migrate through the host' s alimentary canal to eventually become lodged in the bladder of the frog or toad where it reaches maturity ( Cheng 1986 ). More complex life-cycles involve one or more additional hosts. The fi nal host is often the host where sexual maturity of the parasite takes place, whilst in the intermediate hosts the parasite grows, develops, and multiplies asexually. However, this distinction is not made consistently; again, the fi nal host is simply considered to be the more important or more interesting host, regardless of what part of the parasite' s life-cycle unfolds there. Complex life-cycles are illustrated by the heteroxenic trematodes, the Digenea. Digenea are found as endoparasites of vertebrates in the alimentary and urinary tracts, in the blood, the esophagus, and most other major organs. In contrast to the Monogenea, they possess two prominent suckers on their body surface of which one typically serves to hold the animal in place and the other to extract nutrition from the host (in the monostomes, only one sucker is present, at least in the young stages). Some of the Digenea have the most complex life-cycle among all animals. Examples are Schistosoma mansoni (with two hosts; Cheng 1986 ), Paragonimus westermani (with three hosts; Cheng 1986 ), and Halipegus occidualis with four (!) hosts ( Esch et al. 2002 ) ( Figure 3 .10 ). All forms are sexual but some can self-fertilize. Flukes lodging in the blood are of great medical and veterinary importance ( Table 3. 2 ).
On an interesting historical note, the Italian poet and physician Francisco Redi (1626-98), after whom the redia stage in the digenetic life-cycle is named, described a number of 'worms' from many diff erent animals (among them, the fi rst Acanthocephala), although it is unclear what exactly all of these forms were ( Andrews 1999 ). However, he published the fi rst illustration of the liver fl uke ( Fasciola hepatica ) after a specimen extracted from the liver of a castrated ram. During the second-half of the seventeenth century, Francisco Redi acted as a physician to the Grand Dukes Ferdinand II and Cosimo III in Florence. In 1668, he conducted an experiment, in the modern sense of the word, to disprove that maggots arise out of rotting meat spontaneously; he showed that, unless fl ies were given access to lay their eggs, maggots would not appear. This was a fi rst signifi cant proof against the then widely accepted theory of spontaneous generation of life forms and an important step towards the Darwinian concept of evolution by common descent.
The evolution of complex parasite life-cycles
The association of trematodes and helminths with their hosts is very ancient and probably dates back to the late Cambrian ( Baer 1992 ) (cited in Parker et al. 2003 ) . But how can such absurdly complex life-cycles evolve? Even though this appears to strain imagination, there are in fact several very plausible and surprisingly simple scenarios. From a theoretical perspective the problem is analysed by assuming that an infected host containing a parasite becomes consumed by a predator ( Smith Trail 1980 ; Laff erty 1999 ; Parker et al. 2003 ) . Normally, the parasite would then perish along with its host. However, in some rare cases, the parasite may accidentally survive and so ( Figure 3.11a ) .
With Upward Incorporation, a new host higher up in the trophic chain of the ecosystem is added to the parasite' s life-cycle. When a parasite' s current host is incidentally eaten by a predator, by virtue of the rare occurrence it is unlikely that a mating partner in the same host individual is present at the same time. So, this step would appear to be a dead end for the parasite' s life-cycle. This would not be a problem, however, if the parasite is a selfi ng hermaphrodite, a condition that is actually often encountered in helminths, or when the parasite reproduces asexually altogether. More importantly still, the parasite has the option to delay its maturity and to continue growing in this new host. Perhaps this also allows for more time to await the arrival of a mate. Because predators that happen to become the new host are typically larger than their prey, to continue growing in the new host also leads to larger body size of the parasite than what would have been possible in the former, original host. Larger body size, in turn, generally correlates with higher fecundity ( Stearns 1992 ) . If parasites manage to survive in a new host without serious drawbacks, such that only a small loss of infectivity for the original host occurs, they therefore would gain by becoming larger and so producing more off spring that are able to infect the next host of the original type.
In the further evolutionary process, the parasite would better adapt to a new host, thus might become larger and produce many more off spring for the transfer back to the original host. This larger body size would also be expressed in the original host, however. At or near the point where the parasite has evolved to such a large body size by delaying its maturity that it can no longer be sustained by the smaller original host, it would become advantageous to fully rely on the new, larger host for maturation and reproduction. At this point, therefore, it becomes advantageous for the parasite to suppress its reproduction in the original host and to start specializing in infecting and reproducing in the new host. At that point, the original host becomes the intermediate host and the new host is now the fi nal host ( Figure 3.11 ) . A theoretical analysis ( Parker et al. 2003 ) suggests that, not unexpectedly, such evolution by Upward Incorporation is facilitated by the benefi ts of increased fecundity and lower expected mortality in the new host, as well as by the ability to reproduce by selfi ng (or asexually) to start the evolution down this path. These conditions may also explain why we fi nd such complex life-cycles typically in organisms that can indeed grow as individuals (such as helminths) and therefore benefi t from a larger body size, and not in those parasites that simply multiply (e.g. viruses, bacteria) and where body size does not relate to fecundity.
Downward Incorporation is an alternative evolutionary process, during which a new host located lower in the trophic chain than the original host is added to the parasite' s life-cycle ( Figure 3.11b ) . This can happen as follows ( Parker et al. 2003 ) . First, only the original host is infected and used. However, another host in the same ecosystem also occasionally ingests the parasite. In this situation, the parasite only needs to manage to survive in the new host-the capacity to reproduce in the new host is not crucial. If the new host is not suitable to reproduce but suitable for parasite growth, the new host can become incorporated in the life-cycle as an intermediate (paratenic) host, provided there is still a high probability of eventually infecting the original host where reproduction can then take place. This could be the case when the new host, by its behaviour, by dispersal, or simply by being the prey of the original host, increases the chances for the parasite to encounter the original host again. This seems the case in cestodes that switch from a two-host to a three-host life-cycle ( Robert et al. 1988 ; Morand et al. 1995 ) . At this stage of the evolutionary process, the parasite can exploit two pathways for its transfer-directly, from original host to original host and, indirectly, from original host to new host and back again to the original host. Somewhat later, the original, direct route of transfer may become lost and only the indirect pathway remains. In this case, the original host remains the fi nal host, and the new host has become the intermediate host ( Figure  3 .11 ). Theory suggests that this evolutionary pathway is most likely to happen when the cost of using two instead of one host is small, when establishing in the new host is easy, and when encountering a new host is more frequent as compared to encountering the original host ( Choisy et al. 2003 ; Parker et al. 2003 ) .
Hence, Downward Incorporation adds a host by virtue of its greater potential to be found, and by its potential to serve as a vehicle to reach the original (later, the fi nal) host. Upward Incorporation, by contrast, exploits the increased reproductive potential that is possible in the new (later, the fi nal) host. In either case, the number of possible hosts is determined by the number of trophic levels in the ecosystem. It is interesting to note that there are typically no more than fi ve to seven trophic levels in any one ecosystem, roughly similar in number to what parasites have evolved to use as host levels (four hosts seems to be the maximum in the Digenea).
While these hypotheses are based on ecological relationships among potential hosts, alternative views ( Brown et al. 2001 ) suggest that the need to fi nd a mating partner is the driving force to evolve a more complex life-cycle. The argument is that if infection of hosts is a random process, the chances to meet a mating partner within the same host individual is low-depending on the overall prevalence. Hence, predators that consume infected prey would act as 'concentrators' of parasites within their bodies and so allow fi nding a mate much more effi ciently. However, this scenario requires a similar reasoning as the Upward Incorporation described above, even though there are diff erences. For example, hermaphrodites would be less likely to evolve a complex life-cycle with this hypothesis, whereas hermaphroditism would be favourable for Upward Incorporation. Also, the need to fi nd a mate does not explain satisfactorily why the parasite eliminates reproduction in the former, fi rst host, whereas this possibility is readily explained by the delay in maturation to achieve lager body size under Upward Incorporation.
From the current evidence, it appears that diff erent parasite groups have taken diff erent routes for the evolution of complex life-cycles ( Figure 3.12 ) . In Digenea, there is good evidence that the historical path was by Downward Incorporation. There are species where alternative paths of transmission are known (direct vs. indirect) as expected under this scenario. For example, the cercaria of the liver fl uke, Fasciola hepatica , can be transmitted either directly via the water to the fi nal, vertebrate host or, indirectly, by fi rst encysting on leaves of a water plant that may then become eaten by a vertebrate herbivore ( Mass-Coma and Bargues 1997 ; Choisy et al. 2003 ) . For the addition of further hosts in this group, comparative data suggest that the common ancestor had a miracidium that penetrated a mollusc (a snail). From the snail, fork-tailed cercariae emerged that were eaten by the fi nal host, for example, a fi sh or a bird ( Cribb et al. 2003 ) . From this stage, second intermediate hosts were added independently in diff erent groups to generate a three-host life-cycle (as in the Diplostomida). Forked tails of cercariae allow fi nding and pursuing a host with much more effi ciency than simple tails. Forked tails are considered to be an ancient (plesiomorphic) trait in Digenea ( Marquardt et al. 2000 ; Cribb et al. 2003 ) . Forked tails were secondarily reduced or replaced by a simple tail once the host did not have to be pursued directly any more and an intermediate host served the purpose. Hence, the fact that forked-tail cercariae infect the fi nal host suggests that this was the original host and that the mollusc was added at later stage as an intermediate host (cf. Figure 3.9 ) .
The blood-fl ukes (Schistosomatoidea), by contrast, have shortened their ancestral three-host into a two-host cycle ( Poulin and Cribb 2002 ; Cribb et al. 2003 ) . Initially, the parasite went from the fi nal host to a fi rst intermediate host, then to a second intermediate host, and back again to the fi nal host. The life-cycle can be truncated, for example, by precocious reproduction in the second intermediate host, thus dropping the need to infect the former, fi nal host for maturation. The ancestral second intermediate host eventually becomes the new fi nal host ( Figure 3.12b ) . Such a transition in action is observed in some species of Alloglossidium (Macroderoididae), where all parasites produce eggs in their second intermediate, as well as in the fi nal, host (crustaceans or leeches) ( Smythe and Font 2001 ) . Similarly, some individuals of Coitocaecum parvum (Opecoelidae) produce eggs as metacercariae in the amphipod host, while some other individuals only produce eggs in the fi nal host, a fi sh ( Poulin and Cribb 2002 ) . In blood-fl ukes, the cercariae infect the vertebrate host and mature without using a An alternative way of truncating a host from the lifecycle is when cercariae do not leave the fi rst intermediate host but directly develop into metacercariae, which then transfer to the fi nal host ( Figure 3.12d ) . Cercariae are, therefore, no longer free-swimming and the second intermediate host is dropped from the life-cycle. This is observed in a number of digenean parasite groups ( Poulin and Cribb 2002 ). An interesting case is Gymnophallus choledochus where the truncation of the life-cycle varies seasonally. In summer, the parasite has its normal, threehost cycle, while in winter a two-host cycle is utilized ( Poulin and Cribb 2002 ). As above, the shortening of the life-cycle does occur when the second intermediate host becomes the fi nal host. In this case, the metacercariae are retained in the second intermediate host, which then develop into the adult forms that mate in the same host (now, a fi nal host). This is observed for Haplometra cylindracea (Macroderoididae) where metacercariae infect the buccal cavity of their frog host and become encysted in the epithelium. After a few days, the cysts burst and the juvenile worms migrate to the frog' s lung to become adults and mate. Sometimes, the metacercaria stage is bypassed ( Grabda-Kazubska 1976 cited in Poulin and Cribb 2002 ). Hence, a shortening of the life-cycle can occur by upward (as in the second and third scenario) or downward (as in the fi rst scenario) transfer of maturation ( Figure 3.12 ) .
In cestodes, Downward Incorporation is the likely evolutionary scenario. For example, the larval stages of the cestodes, Bothriocephalus barbatus and B. gregarius , use a planktonic copepod as their intermediate host. The copepod is eaten by the fi nal host, a fl atfi sh, where the parasite sexually matures. However, in addition to this two-host cycle, B. gregarius typically uses a second intermediate host, a goby, which then becomes the prey of a fl atfi sh. Gobies actually are more common prey items for the fl atfi sh than the copepods. Hence, the addition of this new (paratenic) second intermediate host-which yields a three-host life-cycle-actually increases transmission effi ciency as compared the two-host life-cycle ( Robert et al. 1988 ; Morand et al. 1995 ) . Finally, Downward Incorporation is also the more likely route in some nematodes. For example, Baylisascaris procyonis , which infects the gut of raccoons, is acquired when the raccoon consumes faeces (coprophagy) from some other raccoon. However, the parasite also infects other scavengers of faeces, such as rodents. The scavenger is then later again preyed upon by the raccoon. In this way, the parasite has transferred from fi nal host to fi nal host via an (optional) route through a scavenging rodent. Counter-intuitively, complex life-cycles are therefore not less, but more efficient for many parasites. Indeed, they would probably not have evolved if no such an advantage existed in the fi rst place.
